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Simple Summary: Soft tissue sarcoma is a rare mesenchymal malignancy. Despite the advancements
in the fields of radiology, pathology and surgery, these tumors often recur locally and/or with
metastatic disease. STS is considered to be a diagnostic challenge due to the large variety of histologi-
cal subtypes with clinical and histopathological characteristics which are not always distinct. One of
the important clinical problems is a lack of useful biomarkers. Therefore, the discovery of biomarkers
that can be used to detect tumors or predict tumor response to chemotherapy or radiotherapy could
help clinicians provide more effective clinical management.

Abstract: Soft tissue sarcomas (STSs) are a heterogeneous group of rare tumors. Although constituting
only 1% of all human malignancies, STSs represent the second most common type of solid tumors
in children and adolescents and comprise an important group of secondary malignancies. Over
100 histologic subtypes have been characterized to date (occurring predominantly in the trunk,
extremity, and retroperitoneum), and many more are being discovered due to molecular profiling.
STS mortality remains high, despite adjuvant chemotherapy. New prognostic stratification markers
are needed to help identify patients at risk of recurrence and possibly apply more intensive or novel
treatments. Recent scientific advancements have enabled a more precise molecular characterization
of sarcoma subtypes and revealed novel therapeutic targets and prognostic/predictive biomarkers.
This review aims at providing a comprehensive overview of the most relevant cellular, molecular
and metabolic biomarkers for STS, and highlight advances in STS-related biomarker research.

Keywords: soft tissue sarcoma; prognostic/predictive biomarker; oncogene; immune checkpoints;
lncRNA; metabolite

1. Introduction

Soft tissue sarcomas (STSs) are rare neoplasms, accounting for fewer than 1% of all
neoplasms [1]. More than 80 malignant or intermediate (rarely metastasizing) histotypes
are currently recognized [1]. In recent years, new histological entities or revisions of
previous subclassifications have been introduced due to the advances in genetics and
molecular diagnostics [2], and following the continuously growing achievements in these
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fields, further modifications in the classification and diagnostic approach to sarcomas are
to be expected in the future.

An incidence rate of STS ranging from 4 to 6 cases per 100,000 people per year was
reported for European population from an analysis of tumor national registries [3]; a similar
average rate (5 cases per 100,000 per year) is reported by the World Health Organization [1].
STSs can affect any body site, with extremities accounting for 75% and the trunk wall
and retroperitoneum accounting for 10% of diagnosed tumors [1]. STSs can arise in any
age, with an increasing rate in older patients [1,4,5]. Differences in age of presentation
are an established finding, with some histotypes almost limited to childhood, such as
embryonal rabdomyosarcoma, and others are definitely more frequent in old age, such
as myxofibrosarcoma. No clear sex prevalence has been reported, with some authors
reporting a slightly higher rate in males [4] and other in females [3,5].

As in most tumors, particularly in rare tumors, the etiology of STS is still largely
unknown. There is, however, historical evidence of the association between sarcomas
and various genetic syndromes as well as with radiotherapy; moreover, there are data
indicating a possible role of environmental factors predisposing sarcoma development.
Recognized predisposing genetic diseases associated with STSs are Li-Fraumeni syndrome
(rhabdomyosarcoma), retinoblastoma (different histotypes, with leiomyosarcoma as the
most frequent [6]), and neurofibromatosis (malignant peripheral nerve sheath tumors).

Radiation treatment can lead to a late occurrence of STSs; 3 to 5% of STSs can be
considered radiation-induced [1,7]. Other historical exposures to radiation have been
linked to the occurrence of sarcoma, such as workers dealing with radium in watch
factories in the 1920’s.

Viral infection associated with immunodepression was shown to predispose to sar-
comagenesis in HIV patients not only for Kaposi’s sarcoma, but also for leiomyosarcoma
after infection by Epstein–Barr virus [8].

Additionally, exposure to some chemicals has been claimed as a predisposing factor
for sarcoma onset, even if data reported are not univocal. Particularly, dioxins from waste
incinerators have been reported as a possible predisposing factor [9,10], as well as phenoxy
herbicides and other pesticides used in agriculture, but a meta-analysis of the literature
could neither confirm nor rule out a possible role of these substances in sarcomagenesis [11].

Surgical excision with wide margins remains the mainstay of treatment for STSs.
Surgery must be performed in specialized centers with specific expertise in sarcoma surgery,
and referral to these centers is highly recommended for any STS and also for any soft tissue
mass suspected to be a sarcoma (i.e., a superficial mass > 5 cm or a deep mass of any
size [12]) because the diagnostic biopsy is the first step of treatment and can heavily
influence subsequent surgery if inadequately performed. Several studies have confirmed
that patients primarily treated in sarcoma centers show better results than patients initially
treated elsewhere [5,13]. Specific expertise is fundamental not only for surgery, but for
any step of sarcoma treatment, from histopathological diagnosis to any component of
the multimodality treatment and follow-up. In addition to surgery, a consistent role is
universally recognized for the use of radiotherapy, but it is still debated whether it is more
efficient to deliver radiant treatment before or after surgery and which parameters should
identify the tumors more likely to benefit from radiotherapy. The role of chemotherapy
is more controversial, with a better control of disease reported by some authors both in a
neoadjuvant or adjuvant settings of anthracycline-based regimens, along with other studies
not able to confirm this finding (see meta-analyses in references [14] and in [15]). In the last
decade, substantial efforts have been made to identify histotype-targeted therapies with
promising preliminary results, which hopefully will be improved in the near future. Specific
activity of medical treatment in selected histotypes has been proposed for trabectedin
in mixoid or round cell liposarcoma and leiomyosarcoma, gemcitabine and taxanes for
angiosarcoma, gemcitabine and docetaxel for undifferentiated pleomorphic sarcoma (UPS),
and leiomyosarcoma and ifosfamide for synovial sarcoma. Tyrosine kinase inhibitors were
recently introduced for the treatment of advanced STSs not responding to more traditional
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medical treatment, with interesting results, as well as immunotherapy treatments such as
immune checkpoint inhibitors (ICIs), vaccination against tumor-related antigens or dead
cells, and engineered T cells. A recent, accurate summary of ongoing experiences in all
these fields can be found in [1,16].

Due to the heterogeneity and complexity of STSs and their response to treatment, a
multidisciplinary approach to any single case is mandatory to define a tailored therapeutic
plan with a case-specific evaluation, in order to decide which treatments must be applied
and in which order.

Reliable biomarkers to enable the screening and surveillance of STSs are still unavail-
able. Ongoing molecular characterization of sarcoma pathogenesis is of utmost importance
to shed light on etiology and diagnosis issues and to try to find new and more efficient
therapeutical approaches. The aim of this review is mainly to highlight the state of the art
and the more recent achievements in the understanding of the most relevant metabolic,
genetic and molecular biomarkers related to STS; these will be detailed in the following
sections, bearing in mind their clinical relevance.

2. Molecular Markers Associated with Prognosis

Sarcomas have not been the subject of larger systematic studies on how tumor behavior
relates to characteristics of the tumor microenvironment. There is consequently an urgent
need for identifying suitable molecular targets, not only in tumor cells but also in the
tumor microenvironment.

2.1. Microenvironment
2.1.1. Markers of Infiltration
B Cells

B cells play a fundamental role in tumor microenvironments by producing antibodies
that mediate antibody-dependent cell cytotoxicity and phagocytosis against neoplastic
cells [17]. A study that evaluated the presence of B cells in 249 STSs showed that infiltration
is associated with a better prognosis [18], and a concordant result emerged from an analysis
carried out evaluating CD20+ in 33 patients with STS and confirmed by the evaluation of
the expression of the MS4A1 gene (which codes for CD20+) in 265 patients [19]. Numerous
studies have registered a low frequency of CD20+ cells infiltrating STSs [19–21], and in
one study on rhabdomyosarcoma, CD20+ tumor-infiltrating cells were identified only at
the periphery of the tumor [22]. Recently, a study conducted on 608 STSs found that the
18% of sarcomas with a high presence of B cells were associated with better survival and
response [23].

T Cells

Tumor-infiltrating T cells, known also as tumor-infiltrating lymphocyte (TILs), play a
key role in the immune response against cancer cells. The presence of CD8+ and CD4+ T
cells is associated with an improvement in survival and response to therapies [24], whereas
the presence of FOXP3+ T cells is associated with an immunosuppressive response [25]
(Figure 1). The expression of mRNA in order to quantify TILs was evaluated both on The
Cancer Genome Atla (TGCA) dataset and on an independent STS cohort, highlighting a
positive correlation between mRNA levels and global survival [26]. Many studies have
found a greater number of infiltrating CD8+ than FOXP3+, and infiltration is greater in
copy number-driven subtypes than those associated with translocation [27]. The CD4+ cell
number also correlates with longer survival in patients with large resection margins [28].
Newly diagnosed STSs have higher CD8+ counts, and decreasing CD8+ counts at relapse
are associated with poor survival [18]. Regarding synovial sarcoma, there are conflicting
data. In one study, CD8+ infiltration was described in 45% [29]; in another, in 97% of
cases, a high infiltration of CD8+ cells was associated with a longer survival [30]. In
Ewing’s sarcoma and angiosarcoma, high levels of CD8+ cells are associated with increased
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survival [31,32]. A high number of CD8+ has also been detected in myxofibrosarcoma and
pleomorphic sarcoma [33].

Figure 1. Schematic illustrating the different markers of infiltration and the immune checkpoints reported for different
malignancies including STSs. Reprinted with permission from reference [27]. TAM: tumor-associated macrophage. Immune
cells in the tumor microenvironment might have immune-suppressive activity or exhibit anti-tumor responses. CD8+

cytotoxic T cells are activated via CD8/ MHC I/ T cell receptor (CD3 or TCR) complexes and helper T cells through the
CD4/ MHC II/ TCR complex by dendritic cells. Helper T cells activate CD20+ B cells, inducing plasma cell differentiation
and antibody class switching. Macrophages can be pro-inflammatory and anti-tumor CD68+ (M1), or anti-inflammatory
and pro-tumor CD163+ (M2) macrophages. FOXP3+ regulatory T cells are immunosuppressive. Immune checkpoints such
as PD-1, CTLA-4, TIM-3, and LAG-3 can be found on the surface of a variety of immune cells. The PD-1/PD-L1 axis and
CD47/SIRPα axis are two immune checkpoint pathways that interact with tumor cells.

Macrophages

STSs are more often infiltrated by macrophages than by lymphocytes [3]. Tumor-
infiltrating macrophages (TIMs) (CD163+ (M2) and CD68+ (M1)) play a key role in the
tumor microenvironment [19]. A study carried out on 1242 sarcomas showed that the
subtypes with the greatest presence of TIMs are leiomyosarcoma, myxofibrosarcoma,
dedifferentiated liposarcoma and undifferentiated pleomorphic sarcoma; moreover, a
higher level of macrophages was observed in the copy number driven subtypes [19]. The
most common phenotype is M2, and low CD163+ levels are associated with favorable
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survival in synovial sarcoma [15]; in embryonic rhabdomyosarcoma, on the other hand,
high levels of CD163+ are positively associated with survival [22]. Alterations in CD68+,
CD163+ density and CD163+:CD68+ ratio have been observed in patients responding to
neoadjuvant chemotherapy [34].

2.1.2. Immune Checkpoints

The immune checkpoints that have an inhibitory effect on the immune system and play
a role in STSs include the receptor PD-1 and its ligand PDL1, the enzyme 2,3-dioxygenase
(IDO), the T cell immunoglobulin and mucin domain 3 receptor TIM3 and its ligand
galectin-9 (Gal9), the lymphocyte activation gene-3 receptor (LAG3) and its ligand MHC II,
and the receptor signal regulatory protein α (SIRPα) and its ligand CD47.

PD1-PDL1

The programmed cell death-1 (PD1) checkpoint is a membrane receptor expressed
by T lymphocytes and B lymphocyte precursors (Figure 1). Its two ligands are PDL1 and
PDL2, where PDL1 can be expressed by cancerous cells and the PD1–PDL1 bond promotes
tumor evasion from the immune system by inducing antigen-specific T cell apoptosis and
inhibiting the apoptosis of regulatory T lymphocytes [35]. The PDL1 presence is relatively
low in STS compared to other malignancies, and a number of studies have been carried
out on the presence and role of this immune checkpoint in STSs, some of which have
given contrasting results. One study on 234 patients highlighted how PDL1+ cell levels
in synovial sarcomas are 15.7% [36]. Another study identified one case out of 62 PDL1+

liposarcomas and three cases out of 96 of rhabdomyosarcomas [37]. A study carried
out on 48 cases of patients suffering from sarcomas including various subtypes of STSs,
highlighting neoplastic PDL1+ cells in 20.8% of the analyzed cases [26]. A different study
reports a percentage of PDL1+ STSs of 58%, and reports that the presence of PDL1 has
no prognostic value from the point of view of overall survival [38], in contrast with data
reported by another group who highlighted how PDL1+ patients have a worse prognosis
compared to PDL1+ patients [39]. An increase in PDL1 levels has also been shown following
pre-surgical radiotherapy [40]. Finally, with regard to the presence of infiltrating cells in
PD1+ tumors, a study carried out on 105 samples demonstrated their presence in 65% of
the cases tested [38].

Others (IDO, LAG3, TIM3)

IDO (Indoleamine 2,3-Dioxygenase 1): IDO is an enzyme involved in the catabolism
of tryptophan (kynurenine pathway). IDO and kynurenine can be secreted by tumor cells
into the microenvironment where they exert an immunosuppressive action by blocking
M2 phenotype myeloid cells, suppressing the function of effector T lymphocytes, and
stimulating the expansion and activation of regulatory T lymphocytes. Furthermore, their
secretion leads to a depletion of tryptophan in the tumor microenvironment, favoring
neoplastic growth [41]. In a study on the role of IDO1 in sarcomas, its expression was high-
lighted in 39.1% of STSs, and in 65.3% if we consider the subgroup with high levels of CD8+

TILs. Furthermore, the IDO1/KP signaling pathway contributes to an immunosuppressive
phenotype of STSs and is involved in primary resistance to PD1 inhibitors [42].

TIM3–GAL9 (T cell immunoglobulin and mucin domain-containing protein 3–galectin9):
TIM3 is an inhibitory T cell receptor and can be found in CD4+ and CD8+ T lymphocytes.
Its Gal9 ligand can be expressed by tumor cells, and TIM3–GAL9 binding has inhibitory ef-
fects on T cells and the immune microenvironment [43]. In a study on immune checkpoints
linked to CD8+ TILs, an elevated presence of TIM3+ cells was observed in myxofibrosar-
coma and pleomorphic sarcoma compared to liposarcoma. Co-expression with PD1 is
frequent [33].

LAG3 MHCII (lymphocyte activation gene-3–major histocompatibility complex class
II): LAG3 can be expressed by T CD4+ and CD8+ lymphocytes, plasmocytoid dendritic cells,
and natural killer cells. Its main ligand is MHCII, expressed either by antigen-presenting
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cells (APCs) or directly by cancerous cells. The LAG3–MHCII bond has an inhibitory effect
on the immunologic components of the tumor microenvironment. In some cases, LAG3
can be found in a soluble form (sLAG3) [44]. In a study carried out on 163 STS-affected
patients, it was found that the frequency of CD8+ and CD4+ T lymphocytes expressing
LAG3 is higher than in healthy controls; moreover, the expression is correlated with the
presence of TILs CD8+, with a severe prognosis and advanced tumor stage [45]. LAG3 is
often co-expressed with PD1, and rarely with TIM3 [33].

SIRPα (signal regulatory protein α)–CD47: The SIRPα receptor is expressed by tumor-
associated macrophages, and binding with the CD47 ligand expressed by tumor cells
induces the phosphorylation of SIRPα with a final inhibitory effect on the phagocytosis
process [46]. It has been reported that 82% of undifferentiated pleomorphic sarcoma, 78%
of leiomyosarcoma, and 70% of Ewing’s sarcoma are negative for CD47, whereas high
levels of CD47 were found in angiosarcoma (100% of the cells in 75% of the samples). In
dedifferentiated liposarcoma, pleomorphic liposarcoma and epithelioid sarcoma, more
than 90% of the tumor cells within the sample express CD47 in 71%, 64% and 63% of the
samples, respectively. SIRPα+ macrophages were identified in 31.3% of total cases; the
subtypes of STS most infiltrated by SIRPα+ macrophages are dedifferentiated liposarcoma
(77% of cases), angiosarcoma (75%), and well-differentiated liposarcoma (65%), whereas
the subtypes less infiltrated by SIRPα+ macrophages are fibromyxoid sarcoma (0% of
cases), epithelioid sarcoma (13%), and synovial sarcoma (14%). Finally, in some cases, the
expression of SIRPα was observed in sarcoma cells [47].

2.2. Genetics
2.2.1. Tumor Mutation Burden

Tumor mutation burden (TMB) is defined as the number of somatic mutations per
megabase of the genomic sequence analyzed. It can be divided into low TMB (1–5 muta-
tions/Mb), intermediate (6–19 mutations/Mb) and high (≥20 mutations/Mb). Together
with the instability of microsatellites, it is often considered a biomarker positively cor-
related with the response to immunotherapy [48]. Numerous studies show that in sar-
coma, and also specifically in STS, the TMB tends to be low. A study carried out on
206 cases of STS through whole exome sequencing (WES) showed an average TMB equal to
1.06 mutations/Mb [49]. A further study in 68 STS patients reported a relatively low TMB,
with a median of 2.05 mutations/Mb and a range of 0 to 15.5 mutations/Mb. By dividing
the patients into two groups based on the median value of TMB, no significant differences
were observed from the point of view of clinical–pathological characteristics; instead, a
significant difference (p = 0.015) was observed in overall survival [50]. Regarding synovial
sarcoma, a study on 208 cases reported a median value of TMB of 1.7 mutations/Mb, with
only 1% of cases having high TMB (≥20) [51]. There are also data on studies with small
numbers of patients with synovial sarcoma: one with 16 patients reported a median TMB of
1.7 mutations/Mb with only one patient with high TMB [52]; another study with 7 patients
reported a mean value of TMB equal to 8.1 ± 4.4 [53]. In Ewing’s sarcoma, one study
demonstrated TMB values of fewer than two mutations/Mb, with a 2–3-fold increase in
relapsing cases [54,55]. Low values of TMB have also been found in alveolar STS [56].

2.2.2. Microsatellite Instability

Microsatellite instability (MSI) is a condition in which there are altered numbers of
repetitions of short DNA [57]. The presence of MSI in some types of cancer appears to be
related to specific clinical–pathological features, such as localization, tumor lymphocyte
infiltration, differentiation, frequency of distant metastases, and prognosis [58].

In 1994, the first data on MSI in STS highlighted their presence in 11% of tested
cases [55]. Subsequently, a study evaluated the absence of MSI in eight cases of low-grade
STS and the presence of MSI in eight high-grade cases [59], and another survey carried
out on 40 samples highlighted the presence of MSI in 25% of cases [60]. A recent study
carried out on 71 patients evaluated the presence of MSI utilizing five markers, and only
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three cases of STS presented MSI, showing instability in only one of the tested markers
(4.2%) [61]. The low percentages and the non-concordant data between the various studies
indicate that the instability of microsatellites in STS does not play a primary role.

2.2.3. Molecular Biomarkers
Tumor Suppressor Genes

There is a lot of evidence that shows a correlation between genetic events that lead to
the loss of function of oncosuppressor genes and the incidence and evolution of STSs. The
most involved and characterized oncosuppressors are TP53, RB1, NF1, PTEN, CDKN2A,
SMARCB1, and ATRX.

TP53 (tumor protein 53): The TP53 gene encodes for protein p53, a transcription
factor that, once stabilized and active, can act on target genes involved in cell cycle arrest,
in apoptotic processes, and metabolism [62]. The loss of its function is associated with
many neoplasms and can occur through a number of processes: loss of function mutations,
deletions, and DNA binding domain missense mutations [63]. From a phenotypic point of
view, p53 can also be inactivated by the overexpression of MDM2 [64]. Amongst the STSs
that present alterations of TP53 are leiomyosarcomas, liposarcomas, undifferentiated pleo-
morphic sarcomas, synovial sarcomas, rhabdomyosarcomas and angiosarcomas [65,66].

Li Fraumeni syndrome, characterized by a germinal mutation of TP53, is considered a
predisposing factor for many malignancies, and it has been demonstrated that the incidence
of rhabdomyosarcomas and liposarcomas in patients positive for this genetic syndrome is
significantly greater with respect to their incidence in the general population [66].

RB1 (RB transcriptional corepressor 1): The RB1 gene is an oncosuppressor that
encodes for the Rb protein, which physiologically regulates the cell cycle blocking S phase
entry. Loss of function can occur following direct RB1 gene mutations or mutations that
cause an increase in phosphorylated Rb protein levels [67]. Amongst STSs most frequently
associated with the loss of function of the RB1 gene are the leiosarcoma, the undifferentiated
pleomorphic sarcoma, and the myxofibrosarcoma [65]. Retinoblastoma, a genetic syndrome
caused by a germinal mutation of the RB1 gene, is considered a predisposing factor for
many malignancies such as STSs, which are usually diagnosed with a delay of about
10–50 years with respect to the diagnosis of the syndrome itself. The strongest association
between the syndrome and STS has been highlighted in leiomyosarcomas [68].

NF1 (neurofibromin 1): The NF1 gene is considered to be an oncosuppressor gene
that encodes for neurofibromin protein 1, a negative feedback regulator of the RAS–MAPK
signaling pathway. Mutations and small deletions on this gene are responsible for type
1 neurofibromatosis [69]. Rhabdomyosarcoma prevalence in children with type 1 neu-
rofibromatosis is twenty times higher compared to the general population; moreover,
NF1-associated rhabdomyosarcomas often develop in the bladder and prostate [70]. The
annual incidence of malignant tumors affecting the peripheral nerve sheaths in type 1
neurofibromatosis-affected patients is 0.16%, significantly higher when compared to that of
the general population (0.001%) [70]. There is also evidence of a loss of function mutations
of the NF1 gene in undifferentiated pleomorphic sarcoma and liposarcoma [65].

PTEN (phosphate and tensin homologous gene): The PTEN gene is considered an
oncosuppressor gene whose principal function can be found in dephosphorylating PIP3 in
the PIK3/PTEN/Akt/mTOR signaling pathway [71]. A study carried out on bone and soft
tissue malignancies demonstrated how the loss of function of PTEN is present in 38.6% of
cases, and the most involved STSs are leiomyosarcoma, rhabdomyosarcoma and epithelial
sarcoma [72]. Another study highlighted that mutations and deletions on the PTEN gene
can be found in 2–10% of STSs [73].

CDKN2A (cyclin-dependent kinase inhibitor 2A): The CDKN2A gene is considered to
be an oncosuppressor gene, and encodes for two genic products post alternative splicing:
p16 (ink4a), a negative regulator of CDK4 and CDK6; and p19 (Arf), a negative regulator
of MDM2 [74]. Loss of function mutations and deletions at this level have been identified
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in peripheral nerve sheath malignancies, with a higher incidence in cases associated with
type 1 neurofibromatosis [75].

SMARCB1 (SWI/SNF-related, matrix-associated, actin-dependent regulator of chro-
matin, subfamily B, member 1): The SMARCB1 gene is considered to be an oncosuppressor
gene, and encodes for the homologous protein, part of the SWI/SNF remodeling complex
protein. Such a gene is often inactivated in epithelial sarcomas [76].

Oncogenes

In STSs, the presence of oncogenes is less relevant compared to that of oncosuppressor
genes. A genomic analysis carried out in order to characterize STSs highlighted that
somatic copy number alterations (SCNAs) often involve MDM2–P53 and P16–CDK4–RB1
signaling pathways; with regard to oncogenes, MDM2 is, by definition, amplified in 100%
of dedifferentiated liposarcomas, and can also be found in other STS subtypes. CDK4 is
commonly amplified, with a higher incidence (86%) in dedifferentiated liposarcoma [16]. In
dedifferentiated liposarcoma, other amplifications have also been documented at HMGA2
(76% of tested cases), FRS2 (96%), NAV3 (60%) and at the gene level that inhibit adipocyte
differentiation (JUN, DDIT3, PTPRQ, YAP1, CEBPA) [49]. An elevated PI3K–AKT–mTOR
activation and amplification of MYOCD has been observed in leiomyosarcoma [49]. In the
pleomorphic undifferentiated sarcoma and in myxofibrosarcoma, amplifications of CCNE1
(10%), VGLL3 (11%), and YAP1 (3%) have been observed [49]. In rhabdomyosarcomas,
activating mutations have been observed at the PI3K–AKT–mTOR and RAS–RAF–MAPK
signaling pathway [77,78]. Moreover, mutations of the FGFR4 gene have been highlighted
in 17% of studied cases [79]. In synovial sarcoma, gene expression analysis revealed high
levels of EGFR, SSX [80], ERBB2, IGFBP2, and IGF2 expression [81]: this subtype of sarcoma
is characterized by a translocation (X,18; p11,q11) which determines a fusion gene between
SS18 and SSX1 (or SSX2) that exerts a key role in this neoplasm [82].

Furthermore, a cytogenic analysis of STSs identified chromosomal translocations that
induced the encoding of specific tumor subtype oncoproteins: Ewing’s sarcoma (EWS–FLI-
1 fusion), clear cell sarcoma (EWS–ATF1 fusion), myxoid sarcoma (TLS–CHOP fusion),
alveolar rhabdomyosarcoma (PAX3–FHKR fusion), and small round cell desmoplastic
tumor (EWS–WT1 fusion) [83–87]. In a study carried out with next-generation sequencing
on 25 cases of STS, Myc amplification was observed in 33% of the cases, MAP2K4 in 20%,
and CNV and FGFR amplification in 40% of the studied cases. In this same study, with an
untargeted analysis, SNVs were found at the FLT4, NOTCH1, IGF1R, and PIK3R1 level [88].

MicroRNA

Several studies have highlighted identifiable microRNA (miRNA) in various STS
subtypes, and have hypothesized their possible role as detectable biomarkers in tissue and
liquid biopsy (LB).

Liposarcoma: In dedifferentiated liposarcoma (DDLS), miR-21, miR-26, miR-218-1,
and miR-144 microRNA are upregulated, whereas miR-143, miR-145, miR-1238 are down-
regulated when compared to healthy adipose tissue [89,90]. miR-193b is downregulated
compared to healthy adipose tissue and well-differentiated liposarcoma (WDLS) [91]. Fur-
thermore, miR-3613-3p levels are significantly higher in blood samples of patients suffering
from dedifferentiated liposarcoma [92]. In both the well-differentiated and dedifferentiated
liposarcoma, miR-155 is highly expressed [93]. The myxoid liposarcoma (MLS) is charac-
terized by high levels of expression of miR-9, miR-891a and miR-888, and low levels of
miR-486 [94]. In the pleomorphic liposarcoma (PLS) miR-1249, miR-296-5p and miR-455-5p
are upregulated, whereas miR-200b, miR-200 and miR-139-3p are downregulated with re-
spect to the control tissue [90]. miR26a-2c miRNA levels are amplified in well-differentiated
liposarcoma, dedifferentiated and myxoid, and such amplification is correlated to poor
survival [95].

Rhabdomyosarcoma: Given the origin of such sarcoma, numerous miRNAs involved
in physiologic muscular differentiation are altered: miR-28a and miR-203 are downregu-
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lated in all forms of rhabdomyosarcoma [96]; in pleomorphic rhabdomyosarcoma, miR-1
and miR-133 are downregulated; alveolar rhabdomyosarcoma is characterized by high
levels of miR-335 [97]; finally, with regard to muscle-specific miRNA, low expression levels
of miR-206 have been highlighted in alveolar and embryonic rhabdomyosarcoma [98]. With
regard to non-muscle-specific miRNA, high levels of miR-9 and low levels of miR-200c
have been highlighted in alveolar rhabdomyosarcoma [99], whereas miR-29 is downreg-
ulated in all forms of rhabdomyosarcoma [100]; high expression levels of the miR-17-92
cluster are correlated with a poor prognosis; and finally, the signaling pathway tied to
miR-485-3p-Top2α-NF-YB is involved in mechanisms of therapy sensitivity [101,102]. Fur-
thermore, several miRNAs (miR-1, miR-133a, miR-133b and miR-206) have been identified
as circulating biomarkers in sera of patients suffering from rhabdomyosarcoma [103].

Leiomyosarcoma: microRNAs miR-1 and miR-133a/b play a key role in the myogene-
sis and proliferation of myoblasts, and are significantly overexpressed, whereas miR-206 is
downregulated [104]. Moreover, miR-221 is upregulated in uterine leiomyosarcoma [105].
A group of miRNAs (miR-199b-5p, miR-320a, miR-199a-3p, miR-126, and miR-22) is con-
versely detectable in patients’ sera [106].

Synovial sarcoma: Low expression levels of miR-143 have been highlighted, associated
with the production of oncoprotein SS18-SSX1 [97]. miR-183 is upregulated, stimulating
the miR-183–EGR1–PTEN signaling pathway [107].

Sera levels of miR-92b-3p are correlated with tumor burden. A panel of miRNA (miR-
99a-5p, miR-146b-5p, miR-148b-3p, miR-195-5p, miR-223-3p, miR-500b-3p and miR-505-3p)
is identifiable in peripheral blood samples of patients suffering from synovial sarcoma, and
can be utilized as a diagnostic biomarker both for differentiating it from other sarcoma
subtypes and for predicting metastatic events [108].

Malignant neoplasm of peripheral nerve sheaths: High levels of expression of miR-10b,
miR-210, miR-339-5p and miR-199a/214 cluster [109,110], and low levels of miR-34a and
miR-204 [104,111] have been identified. miR-30d is downregulated, and this is tied to the
EZH2–miR-30d–KPNB1 pathway [112].

Angiosarcoma: miR-515-5p, miR-517a, miR-518b, miR-519a, miR-522 and the miR-17-
92 cluster miRNA are upregulated in angiosarcoma. Moreover, miRNAs of chromosome
19, usually expressed at high levels in the placenta, are upregulated [107,113].

Fibrosarcoma: Studies related to microRNA in fibrosarcoma have been carried out
using the human cell line HT-1080, where the miR-29 family activates MMP-2 which plays
a role in tumor suppression; miR-520c and miR-373 activate the Ras/Raf/MEK/Erk and
NF-κB signaling pathway, promoting the migration and invasion of cancer cells [114,115].
Undifferentiated pleomorphic sarcoma: miR-126, miR-223, miR-451 and miR-1274b are
significantly upregulated, and miR-100, miR-886-3p, miR-1260, miR-1274a, and miR-1274b
significantly downregulated when compared with control mesenchymal stem cell lines.
Furthermore, miR-199-5p and miR-320a can be used to differentiate between undifferenti-
ated pleomorphic sarcoma and leiomyosarcoma [106]. Finally, a negative correlation was
observed between miR-138 overexpression and metastasis-free survival [116].

Epithelial sarcoma: In this type of STS, a panel of miRNAs (miR-206, miR-381, miR-
671-5p and miR-765) has been identified to be overexpressed, and three of these (miR-206,
miR-381, and miR-671-5p) induce the silencing of SMARCB1 mRNA [117].

Kaposi sarcoma: Some tumor-suppressor miRNAs, such as miR-155, miR-220/221,
the let-7 family and the miR-221/222 cluster, are downregulated in this form of sarcoma,
whereas miR-31 is found to be upregulated [118,119]. A specific feature of Kaposi’s sarcoma
is the high expression of the pre-miRNA related to miR-24-2 and its use as a biomarker is
being evaluated [120].

Other STSs: STSs share the correlation between the expression of miR-210 and a severe
prognosis; this correlation is more significant in female patients [121].



Cancers 2021, 13, 3044 10 of 26

Long Non-Coding RNA

There is little evidence regarding the role of long non-coding RNA (lncRNA) in STSs
and their possible use as molecular biomarkers.

Upregulation of HOTAIR lncRNA has been observed in chondrosarcoma and chon-
drosarcoma cell lines (including soft-tissue-derived forms such as mesenchymal and myx-
oid chondrosarcoma), correlated with tumor stage and with a severe prognosis. Its down-
regulation, on the other hand, is related to an inhibition of cell growth through the arrest in
the G0/G1 phase of the cell cycle and the induction of apoptosis. HOTAIR induces DNA
methylation of miR-454-3p by recruiting enhancer EZH2 and DNA methyltransferase 1 in
the promoter regions of miR-454-3p by silencing their expression [122].

In retroperitoneal liposarcoma, PIRLS lncRNA is overexpressed and carries out its
action by binding to the T cell leukemia 1A (TCL1A) protein, thus suppressing the P53-
mediated signaling pathways and activating the expression of MDM2 and AKT [123]. A
large-scale genomic analysis, based on RNAseq expression data and conducted on a large
cohort of patients with STS, selected and validated 10 lncRNAs with prognostic value, four
of which were related to a favorable prognosis (LINC00680, AC006129.2, RP11-274B21.9
and RP11-713P17.3) and six to a severe prognosis (RP11-560J1.2, AP001432.14, RP4-665J23.1,
RP11-230G5.2, BACH1-IT2, and RP11504A18.1). The predictive score of the lncRNA panel
is able to predict the survival of patients with STS regardless of the clinicopathological
characteristics, giving them a possible role as a molecular biomarker [124].

Telomere-Maintenance Mechanism

The maintenance of telomere length is commonly achieved through activation of the
TERT telomerase gene, and this leads to replicative immortality [125].

The two most common activating mutations occur at the telomerase promoter level
and are two cytosine thymine transitions (C228T; C250T), common mutations in myxoid
liposarcoma and are present in 11% of STSs [126,127].

Hypermethylation states were also observed at the promoter level of the TERT gene,
with positive consequences on the maintenance of telomeres [128].

Finally, genome-wide sequencing experiments have shown rearrangements in the
vicinity of TERT that lead to an increase in its expression, probably related to the capture
of zone enhancers [129]. There is also an independent telomerase mechanism to maintain
telomere length called the alternative lengthening of telomeres (ALT) mechanism [130].
The presence of this mechanism varies in the histological subtypes of STS: it is present
in 63% of undifferentiated pleomorphic sarcoma, in 53% of leiomyosarcoma, in 33% of
epithelioid sarcoma, in 24–26% of all liposarcomas [131,132] (0% well differentiated, 30%
dedifferentiated, 5% myxoid and 80% pleomorphic) [70], in 14% of fibrosarcoma, and in
11–28% of angiosarcoma [133,134]. Furthermore, in liposarcoma and leiomyosarcoma,
the presence of the ALT mechanism is associated with genomic instability, aggressive
histological features, and a severe prognosis [134,135]. The ALT mechanism is significantly
associated with the presence of inactivating mutations in the ATRX and DAXX genes,
mutations present in 31% of undifferentiated STSs [49,136].

The main molecular markers in STSs that have been reported to be associated with
the prognosis and mechanism of resistance to therapies are summarized in Table 1A,B.
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Table 1. (A). Main molecular markers associated with prognosis in STSs, (B). Main molecular markers associated with
sensitivity/resistance to therapy in STSs.

A. Main Molecular Markers Associated with Prognosis in STSs

Molecular Marker Prognosis References

Microenvironment

high B cells better survival [24]

high CD8+ T cells improvement in survival [24,29–32]

low CD8+ T cells at relapse poor survival [18]

high CD4+ T cells improvement in survival [24,28]

low CD163+ TIMs favorable survival [15]

high levels CD163+ improvement in survival [22]

PDL1+ worse prognosis [39]

LAG3+ CD8+ T cells severe prognosis [45]

LAG3+ CD4+ T cells severe prognosis [45]

Genetics

miR26a-2c amplification poor survival [95]

high expression of miR-17-92 cluster poor prognosis [101]

miRNA panel * predicted in metastatic events [108]

miR-138 overexpression negative correlation with MFS [116]

miR-210 severe prognosis [121]

LncRNAs: LINC00680, AC006129.2, RP11-274B21.9
and RP11-713P17.3 favorable prognosis [124]

LncRNAs: RP11-560J1.2, AP001432.14, RP4-665J23.1,
RP11-230G5.2, BACH1-IT2, and RP11504A18.1 severe prognosis [124]

citrulline shortage poor outcome [137]

B. Main Molecular Markers Associated with Sensitivity/Resistance to Therapy in STSs.

Molecular Marker Sensitivity/Resistance to Therapy References

CD8+ and CD4+ T cells response to therapies [24]

Alterations in CD68+, CD163+ neoadjuvant chemotherapy [34]

increase in PDL1 levels radiotherapy [40]

IDO1/KP signaling pathway resistance to PD1 inhibitors [42]

miR-485-3p–Top2α–NF-YB pathway sensitivity to therapies [101,102]

Note. * miR-99a-5p, miR-146b-5p, miR-148b-3p, miR-195-5p, miR-223-3p, miR-500b-3p, miR-505-3p.

3. Metabolite Biomarkers

A new approach in biomarker research is provided by metabolomics, an emerging
omics science focused on analysis of the full set of metabolites present in a biological
sample [137–139]. The metabolic profile of the organism under investigation describes
the undergoing biochemical events and reflects the complex interactions among gene
transcription, protein expression, and physio-pathological conditions, including gut mi-
crobiome activity and environmental effects [139,140]. A peculiarity of metabolomics is
providing the functional readout of the phenotype from a single analysis run of a biofluid
sample (urine, plasma, serum, saliva, cerebrospinal fluid) by exploiting the resolving
power of instrumental techniques such as nuclear magnetic resonance (NMR) and mass
spectrometry (MS), also in a high-throughput fashion [139]. Metabolite identification and
quantification is powered by growing databases of molecular spectra, both in the free
and commercial domain, e.g., HMDB [141], BMRB [142], SDBS [143], CHENOMX [144],
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BBIOREFCODE [145], and MetaboBASE [146], while the discovery of new small molecule
biomarkers is possible thanks to the structure elucidation ability offered by multidimen-
sional NMR [147,148] in combination with MS [149–151]. Metabolic profiles of different
cohorts allow for the discrimination of pathologic state, comparison of treatment outcome
and risk stratification, even in the absence of prior knowledge of relevant biomarkers as
in untargeted metabolomics [152]. Not only the metabolites, but also full datasets from
metabolomics studies have found a home in the MetaboLights database [153] (Figure 2).
Although metabolomics studies have already been widely used to identify diagnostic and
prognostic biomarkers in cancer [154–158], only a few have been reported for STS. One of
the first metabolomic studies on STS was an innovative application of liquid chromatog-
raphy tandem MS (LC/MS/MS) to formalin-fixed and paraffin-embedded (FFPE) tissue
specimens acquired during routine medical care [159]. The study regarded one each of
high-grade sarcoma with myogenic differentiation, high-grade leiomyosarcoma, monopha-
sic synovial sarcoma, biphasic synovial sarcoma and well-differentiated liposarcoma. Eight
distinct, differentially abundant metabolites between the STSs and control groups were
found, but the significance of these results is hampered by the lack of comparison with
fresh or frozen specimens. From this study onward, biofluids from clinical contexts or
cell extracts from in vitro settings have been used. By using LC/MS/MS [160], nucleoside
salvage pathway activity was observed in liposarcoma cell lines derived from xenograft tu-
mors. The same cell lines were found to be sensitive to treatment with the nucleoside-based
prodrug gemcitabine (which relies on nucleoside salvage activity), suggesting nucleosides
as biomarkers to delineate gemcitabine responders from non-responders. In addition to
nucleosides, the study also identified other metabolites consumed by liposarcoma cell
lines, including amino acids and amino acid precursors. Particularly, high consumption
of glutamine was reported as preliminary data, a finding that has been confirmed in a
recent study from Lee et al. [161]. The study reports an in vitro investigation of glutamine,
glutamate, aspartate, and asparagine metabolism by UPLC/MS analysis of tissue extracts
from an undifferentiated pleomorphic sarcoma mouse model, showing how UPS relies on
glutamine as a source of energy and biosynthetic anabolism. Glutamine is indeed an impor-
tant nutrient for highly proliferative cells due to its support for cellular bio-energetics and
bio-syntheses. In particular, glutamine’s carbon backbone is involved in the synthesis of
tricarboxylic acid (TCA) cycle intermediates, amino acids, and other metabolites [162–166],
whereas glutamine nitrogen also promotes nucleotide bio-synthesis [166]. The rate-limiting
enzyme for glutaminolysis is glutaminase, which exists in two isoforms, glutaminase 1
(GLS1) and 2 (GLS2), with the former detected as the predominant isoform in murine
tumors and cell lines. A metabolomic study on the role of glutamine [161] also led to
testing of the drug Telaglenastat, currently in clinical trials for multiple cancer types; it
was shown that GLS inhibition mimics glutamine starvation and is effective in causing
UPS and additional STS cell death. Regarding leiomyosarcoma, Miolo et al. [137] used a
metabolomics approach to search for new serum prognostic markers for overall survival
in 24 patients with metastatic STS treated with trabectedin. Leiomyosarcoma was indeed
the most prevalent histotype (n = 8, 33.3%) among the others (malignant peripheral nerve
sheath tumor (n = 3), fibrosarcoma (n = 2), undifferentiated pleomorphic sarcoma (n = 2),
chondrosarcoma (n = 2), synovial sarcoma (n = 2), not otherwise specified sarcoma (n = 2),
endometrial stromal sarcoma (n = 1), and desmoplastic small round cell tumor (n = 1)).
The study takes into account the serum levels of 68 targeted metabolites (53 amino acids
and their derivatives plus 15 bile acids), determined by LC/MS/MS. The results indicate a
citrulline shortage in high-risk patients, making this amino acid an important metabolic
signature possibly explaining the high overall survival variability of STS patients. Citrulline
belongs to the arginine metabolic pathway. It is produced by enterocytes from glutamine
and released into the blood, where is taken up by the kidney for the synthesis of arginine
or is transported to the liver where it participates in the transformation of ammonia to
urea [167] (Figure 3). As already commented, a tumor is a high energy-demanding tissue
that requires, besides glucose, other carbon intermediates, which may result in deficiencies
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of certain metabolites in the blood due to metabolic reprogramming of the whole organ-
ism [156], as is the case for the observed citrulline shortage, in line with the findings for
glutamine metabolism in UPS [161]. In this view, an interesting result of the study is that
the low citrulline levels were not associated with a lack of the precursor glutamine. An
interesting case study from the same group highlighted a specific metabolic pattern for
chemo-resistance phenotypes of a patient affected by STS with real-time analysis of breath-
exhaled volatile organic compounds, performed by select ion flow tube MS (SIFT-MS) [168].
The study also highlighted how the high sensitivity of MS could lead to non-invasive,
innovative metabolomic analyses such as breath analysis. A study with more heterogenous
STS subtypes was conducted by Jia et al. [169]. The authors reported an LC/MS/MS
investigation targeting plasma-free amino acid profiles (PFAAs) of 23 patients: there were
six cases of myogenic sarcoma (26.1%), five cases of undifferentiated pleomorphic sarcoma
(21.7%), two cases of liposarcoma (8.7%), two cases of acinar soft-tissue sarcoma (8.7%), and
other types of sarcoma in one case each (4.3%), including chondrosarcoma, osteosarcoma,
Ewing’s sarcoma, mucosarcoma, pulmonary artery sarcoma, endometrial stromal sarcoma,
synovial sarcoma and fibrosarcoma. PFAAs have shown different features in various
cancers, but the characteristic in STS is still unclear. Seven differential amino acids were
identified: sarcosine (Sar), glutamine (Gln), homoproline (Hpro), citrulline (Cit) decreased,
whereas carnosine (Car), lysine (Lys), glutamic acid (Glu) increased in the sarcoma patients.
The increased Glu levels could be interpreted as a result of increased Gln metabolism in
the tumor. Clustering into classes showed how total amino acids (TAAs), branched-chain
amino acids (BCAAs), aromatic amino acids (AAAs) and glycemic amino acids (GAAs)
decreased significantly, but essential amino acids (EAAs) increased significantly. Metabolic
profiles allowed four pathways to be predicted as affected by sarcoma, with arginine
biosynthesis at affected the most; such a finding, confirmed by other evidence, that Arg
stimulates tumor growth [170], suggests arginine metabolic pathways as a potential tar-
gets in sarcoma, as also indicated by similar conclusions in the abovementioned study by
Miolo et al. [137]. Moreover, the change of PFAAs after one chemotherapy cycle in sarcoma
patients [169] showed that that levels of γ-aminobutyric acid (GABA) and Car decreased
significantly in the improvement group but not in the deterioration group, whereas lev-
els of α-aminobutyric acid (Abu) increased significantly in the deterioration group but
not in the improvement group, suggesting the three as biomarkers for monitoring of the
chemotherapy outcome. Focuses on other specific sarcoma subgroups are also found. One
of the first extensive metabolic profiling studies of osteosarcoma [171] also involved benign
bone tumors such as chondrosteoma, aneurysmal bone cyst, chondromyxoid fibroma,
enchondroma, and osteofibrous dysplasia as references. The serum profile showed an
increased concentration of cystine and 2-hydroxybutyrate and decreased levels of malate
and dodecanoic acid for osteosarcoma as well as for the benign tumors, but significance
for the latter was low because just one sample of each was used. The metabolic profile of
cartilage tumors (CTs) was improved in an NMR study of serum from patients affected
by enchondromas and chondrosarcomas (three each) [172], showing a strong association
with the dysregulation of taurine and hypotaurine metabolism as well as the synthesis and
degradation of ketone bodies.
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Figure 2. The workflow of metabolomics in sarcoma: both biofluids and tissue extract can be used as a whole or after
metabolite extraction to reduce matrix complexity (steps 1–2); spectral data are first collected in a non-destructive way with
samples by nuclear magnetic resonance followed by mass spectrometry, coupled either to gas chromatography or liquid
chromatography (steps 3–4); both data from NMR and MS need extensive processing to resolve spectral overlapping and to
quantify peak intensity, resulting in a table of calibrated peak intensities to be matched with metabolites with the aid of
spectral databases (steps 5–6); univariate and multivariate statistics lead to candidate biomarkers being correlated with the
pathologic state by pathway analysis and lab testing.

Figure 3. Decrease in citrulline level has been observed for many soft tissue sarcomas. Citrulline
belongs to the arginine metabolic pathway: it is produced by enterocytes from glutamine and is
released into the blood, where is taken up by the kidney for the synthesis of arginine or is transported
to the liver where it participates in the transformation of ammonia to urea. Abbreviations: CPS,
carbamoyl phosphate synthetase; ASS, argininosuccinate synthase; AL, argininosuccinate lyase; AR,
arginase; OTC, ornithine transcarbamoylase.
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4. Circulating Biomarkers

Novel circulating biomarker candidates such as tumor-derived extracellular vescicles
(EVs) and circulating tumor cells (CTCs) have been studied in STS [173–175]. Even though
data regarding the prognostic significance of CTC isolation in STS are limited, a correlation
between CTC presence and disease progression has been observed [176,177]. The detection
of CTCs in sarcomas has been proposed to lead to better understanding of the efficacy of
therapy and of drug resistance [177,178]. The advent of new technologies to determine
and monitor these biological entities in LB [179–181] holds great promise for developing
minimally invasive methods to improve patient care.

5. Biomarkers in Clinical Trials

Clinical results on ICIs in STS have not shown strong improvements and trials have
been slower in development, suggesting that more effort should be made to identify
which patients are most likely to respond through predictive biomarker development [182].
Several trials of mono or combination checkpoint inhibitors have tried to identify the
immune biomarkers expressed in STS that are relevant to clinical management and are
summarized in Tables 2 and 3, respectively. Bertucci et al. 2017 [183] showed that PDL1
mRNA expression is heterogenous in STS, and is an independent prognostic factor of
metastatic relapse. Recently clinically evaluated transcriptomic biomarker signatures
such as Complexity INdex in SARComas (CINSARC), genomic grade index and hypoxia-
associated signature can be integrated with biomarkers of targeted therapy enhancing
prognostication [173].

Table 2. Selected immunotherapy trials in STS a.

Immune Checkpoint Inhibitor Trial Number Phase Status

Ipilimumab (anti-CTLA4) NCT01445379 I Completed

Pembrolizumab (anti-PD1) NCT02301039NCT03316573 II
II

Completed
Recruiting

Toripalimab (anti-PD1) NCT03474640 I Recruiting

Spartalizumab (anti-PD1) NCT04802876 II Not yet recruiting

Note. a Source: clinicaltrials.gov (accessed on 14 May 2021).

Table 3. Selected immunotherapy combination trials in STS a.

Immune Checkpoint Inhibitors Other Agents Trial Number Phase Status

Immune checkpoint inhibitors in combination with other immunotherapy agents

Pembrolizumab IDO 1 Inhibitor (i)
(epacadostat) NCT03414229 II Active, not recruiting

Nivolumab (anti-PD1)
Ipilimumab (anti-CTLA4) NCT04741438 III Recruiting

Relatlimab (anti-LAG3) NCT04095208 II Recruiting
NKTR-214 NCT03282344 II Active, not recruiting

Immune checkpoint inhibitors in combination with chemotherapy or radiation therapy

Atezolizumab (anti-PDL1) Radiation therapy NCT03474094 II Recruiting

Nivolumab
Paclitaxel NCT04339738 II Recruiting

Trabectedin NCT03590210 II Active, not recruiting
T-VEC and Trabectedin NCT03886311 II Recruiting

Pembrolizumab

Radiation therapy NCT03338959 I-II Recruiting
Eribuline NCT03899805 II Active, not recruiting

T-VEC NCT03069378 II Recruiting
Lenvatinib (VEGFR/FGFR-i) NCT04784247 II Recruiting

Axitinib (VEGFR- i) NCT02636725 II Active, not recruiting

clinicaltrials.gov
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Table 3. Cont.

Immune Checkpoint Inhibitors Other Agents Trial Number Phase Status

Immune checkpoint inhibitors in combination with other agents

Atezolizumab
Bevacizumab (VEGF-i) NCT03141684 II Recruiting

Rucaparib (PARP-i) NCT04216953 I-II Recruiting
Cobimetinib (MEK-i) NCT04624178 II Recruiting

Dual immune checkpoint inhibitors therapy in combination with other agents

Nivolumab plus ipilimumab
Cabozantinib

(VEGFR/MET/AXL-i) NCT04551430 II Recruiting

Trabectedin NCT03138161 I-II Recruiting

Note. a Source: clinicaltrials.gov (accessed on 14 May 2021).

ICIs combined with TKIs have shown promise. A phase II trial enrolling patients
with alveolar soft part sarcoma (ASPS), characterized by ASPSCR1–TFE3 fusion gene and
consequently with an upregulation of vascular endothelial growth factor (VEGF), explores
the combination of pembrolizumab with the VEGF receptor inhibitor, axitinib. Clinical
benefit was observed in 73% of patients [184]. Atezolizumab, a monoclonal antibody
against PD-L1, is currently under investigation in a phase II trial of unresectable ASPS
(NCT03141684). The use of adoptive T cell transfer with enhanced affinity for tumor-
specific antigens (such as New York esophageal squamous cell carcinoma-1 (NY-ESO-1)
and melanoma antigen gene type A4 (MAGE-A4)) has also shown early promise in STS,
particularly in synovial sarcoma [185].

Although STSs do not have a characterized defect in BRCA1/2, their genomics are
complex in roughly 50% of cases, suggesting genomic instability and an eventual pos-
sible deficiency in DNA damage repair, as reported for leiomyosarcomas (Chudasama,
2018). Thus, STSs could be efficiently targeted with Poly(ADP-ribose) polymerase (PARP)
inhibitors to drive cells to synthetic lethality (Table 4).

Table 4. Selected PARP-inhibitor trials in sarcoma a.

PARP-Inhibitor Other Agents NCT Trial Number Phase Status

Olaparib Radiation therapy NCT02787642 I Recruiting

Olaparib Temozolomide NCT01858168 I Recruiting

Olaparib Durvalumab NCT03784014 III Recruiting

Olaparib Trabectedin NCT04076579 II Recruiting

Olaparib Pembrolizumab NCT04123366 II Recruiting

Olaparib - NCT03233204 II Recruiting

Rucaparib - NCT04171700 II Recruiting

Note. a Source: clinicaltrials.gov (accessed on 14 May 2021).

Recently, the safety of the combination of trabectedin chemotherapy and olaparib
PARP inhibitor in second-line or further-line therapy has been shown in patients with
advanced STS [186] with an 18% partial response. The response rate and progression-free
survival were higher in patients with high PARP1 tumor expression [187]. A retrospective
series demonstrated that the expression of PARP1 and tumors expressing high levels had
worse MFS [183]. In addition, it has been reported that PARP-1 expression complemented
the prognostic value of CINSARC on 5-year metastasis free survival [173].

A phase II study evaluated tazemetostat, an EZH2 inhibitor, in patients with epithe-
lioid sarcoma (which comprises <1% of STS), and the observed response rate registered
was 15% and disease control rate was 26% [188]. Tazemetostat is currently under priority
review with the FDA. The nonrandomized, open-label, registrational phase II AMPECT
trial explored a novel nanoparticle albumin-bound (nab)-form of sirolimus in patients with

clinicaltrials.gov
clinicaltrials.gov
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unresectable malignant perivascular epithelioid cell tumors (characterized by dysregu-
lation of the mammalian target of rapamycin (mTOR) pathway as a result of tuberous
sclerosis 1 or 2 (TSC1 or TSC2) deletions/mutations), revealed a response rate of 42%, a
disease control rate of 77%, and a median PFS of 8.9 months [189]. The dedifferentiated
liposarcomas are characterized by mouse double minute 2 (MDM2) and cyclin-dependent
kinase 4 (CDK4) amplifications, and the CDK4 inhibitor, abemaciclib, is currently under
investigation; an encouraging 12-week PFS of 76% in a phase II nonrandomized trial has
been reported [27,190] (Table 5).

Table 5. Selected multitargeted TKI-i trials in sarcoma a.

Multitargeted TKI-i Other Agents NCT Trial Number Phase Status

EZH2 inhibitors (tazemetostat) Doxorubicin NCT04204941 III Recruiting

Nab-rapamycin Nivolumab NCT03190174 I-II Recruiting

TRK inhibitor (Larotrectinib) - NCT02576431 II Recruiting

CDK4 inhibitors (Abemaciclib)
- NCT04040205 II Recruiting

Temozolomide and Irinotecan NCT04238819 I Recruiting

Note. a Source: clinicaltrials.gov (accessed on 14 May 2021).

Recently, some retrospective studies have indicated that targeted sequencing can
be useful to hypothesize alternative treatment options [191,192]. The ongoing random-
ized, phase III MULTISARC clinical trial (NCT03784014) compares the standard of care
therapy with the indications emerging from NGS to enroll patients into sub-arms of
targeted therapies.

Tumors harboring neurotrophic tyrosine receptor kinase (NTRK) fusions have shown
durable responses to the tropomyosin receptor kinase (TRK) inhibitor, larotrectinib [193].

6. Limitations

The molecular biology of STS cannot be covered exhaustively within one single
review, because STSs show tremendous heterogeneity both in clinical and genomic settings.
Furthermore, extensive information is promptly accumulating contributing to the further
understanding of the molecular biology of STS; there are, however, enormous challenges
ahead, particularly in the clinical translation of these discoveries. In the current review, we
have focused uniquely on the description of the established and most attractive biomarkers
rather than their complex and multiple interactions; this needs an additional article to be
adequately addressed. One of the limits of the current review could be the omission of
some studies related to our topic due to the fact that STSs encompass a very heterogeneous
group of tumors with diverse pathological and clinical overlapping characteristics.

Several novel and relevant biomarkers are emerging, but to achieve the necessary
level of evidence for incorporation into international guidelines and use in the clinical
setting, there is a need for additional prospective clinical trials.

7. Future Perspectives and Conclusions

Due to their rarity and heterogeneity, generating high-quality evidence for the manage-
ment of STS is still challenging. Advances in research methodology and technology have
helped in the exploration of pathogenetic mechanisms and histopathological characteristics
of these tumors, but this has not yet translated into significant improvements in treatment
strategies, and unfortunately results with survival rates have barely improved over the
last three decades. There is, therefore, an urgent need to develop better prognostic and
diagnostic tools so that appropriate measures can be taken in a histotype-specific and timely
manner, especially in the case of advanced sarcomas. Identifying non-invasive, reliable
biomarkers can represent a step towards improving the survival in STS both for an earlier
diagnosis and for a tailored treatment selection with a ‘next generation’ approach for STS
management. Selected biomarkers can offer an improvement not only for adjuvant therapy

clinicaltrials.gov
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selection (radiotherapy, chemotherapy, immunotherapy), but also for surgical excision,
which nowadays remains the mainstay of treatment for STSs, because biomarker-mediated
imaging of STS during surgery has recently been proposed to facilitate complete resection
by visualizing tumor tissue during surgery.

A wide quantity of contemporary data have been collected at molecular, metabolic
and cellular level, and the research is still ongoing with a long path ahead. Correlations
between laboratory and clinical data are still at the beginning. Will it be able to change our
future treatment strategies in STSs?
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